One sentence summary: Carbon starvation induced programmed cell death 26 by trafficking vacuolar processing enzyme through the autophagy pathway to 27 the vacuole. 28 29
INTRODUCTION

58
Programmed cell death (PCD) is involved in almost all stages of the plant's life 59 cycle and can be developmental or stress-induced (Devillard and Walter, 2014; 60 Escamez and Tuominen, 2014) . During the course of their ontogenesis, plants 61 are continuously exposed to a large variety of abiotic stress factors which can 62 damage tissues and jeopardize the survival of the organism unless properly 63 countered (Petrov et al., 2015) . When the intensity of a stress is high, one 64 defense program employed by plants is the induction of PCD (Suzuki et al., 65 2012; Del Río, 2015) . 66 In animals, three main types of PCD mechanisms are distinguished: apoptosis, 67 autophagy and necrosis. These PCD categories are based mainly on cell 68 morphology, rather than on biochemical features (Kroemer et al., 2008) . In 69 plants, based on morphology, it has been suggested that tonoplast rupture 70 distinguishes two large classes of PCD, 'autolytic' and 'non-autolytic'. The first 71 occurs mainly during normal plant development and after mild abiotic stress 72 (developmental PCD), and the second is found mainly in response to pathogen 73 invasion (hypersensitive response [HR]-related PCD; van Doorn et al., 2011) . 74 PCD often requires the activity of serine and/or cysteine proteases (Pak and 75 Van Doorn, 2005; Schaller et al., 2018) . A large number of animal PCD 76 pathways involve cysteine proteases called caspases (reviewed by Crawford 77 and Wells, 2011; Miao et al., 2011; White et al., 2017) . Although surveys of 78 plant genomes have not revealed any 'true' caspases or close orthologs of 79 animal caspases, proteases with activities similar to those of animal caspases 80 have been reported during plant PCD, termed caspase-like proteases (CLPs; 81 Woltering et al., 2002; Belenghi et al., 2004; Iakimova and Woltering, 2017) . 82 Caspase inhibitors inhibit PCD in plants, suggesting that the plant CLPs are 83 distantly related to the caspases found in animals; alternatively, they may be 84 unrelated proteins that have converged by evolutionary selection to have 85 active sites that recognize the same substrates (Watanabe and Lam, 2004; 86 Vacca et al., 2006; Bonneau et al., 2008) . 87 Plant CLPs have been identified as either metacaspases or vacuolar 88 processing enzymes (VPEs; Hatsugai et al., 2004; Rojo et al., 2004; 89 Vercammen et al., 2004) . Metacaspases have arginine/lysine-specific 90 2017). The former is characterized by trapping of the cytosolic material to be 125 degraded in tonoplast invaginations, followed by tonoplast scission to release 126 the intravacuolar vesicles. The better characterized macroautophagy pathway 127 (hereafter referred to as autophagy) involves the sequestration of cytoplasmic 128 constituents in a de-novo formed double-membrane organelle-the 129 autophagosome-that is transported to the vacuole for degradation. Both 130 processes can be either selective or non-selective with respect to the 131 cytoplasmic material that is being degraded. The core mechanism of 132 autophagy is mediated by an evolutionarily well-conserved set of AuTophaGy-133 related, or ATG, genes (Tsukada and Ohsumi, 1993; Klionsky et al., 2016; 134 Galluzzi et al., 2017) . A central protein of both selective and non-selective 135 autophagy is ATG8, which in plants exists as a gene family. Lipidated ATG8 is 136 located on both the outer and inner membrane of the autophagosome, and is 137 involved in all stages of autophagosome formation, as well as in the 138 recognition of specific cargo targeted for selective autophagy (Kellner et al., 139 2017) . As ATG8 is found on the autophagosome from its formation to its lytic 140 destruction in the vacuole, it is the most commonly used marker for 141 autophagosomes.
142
Potato (Solanum tuberosum) VPE1 (StVPE1) has been shown to be 143 involved in the PCD response of the stem apical meristem to abiotic stress 144 (Teper-Bamnolker et al., 2012; Teper-Bamnolker et al., 2017) . Following the 145 stress, induction of StVPE1 in the stem meristem induces loss of apical 146 dominance and stem branching. The mature StVPE1 protein exhibits specific 147 activity for caspase-1, with optimal activity at acidic pH, consistent with its 148 established vacuolar localization (Teper-Bamnolker et al., 2017) The roles for VPE in developmental PCD, as well as in plant responses to 164 pathogen attack, are well documented (for recent review see Kabbage et al., 165 2017; Shimada et al., 2018) . However, although VPE has also been implicated 166 in the response to several abiotic stresses (Shimada et al., 2018) , much less is 167 known about this aspect of its activity. To look into the possible roles of VPE 168 and PCD in the response to carbon starvation, transgenic potato plants 169 expressing StVPE1-GFP were grown with or without sucrose under light (long 170 day) or dark growth conditions. GFP fluorescence was detected in the 171 peripheral part of the cell (probably the cytoplasm) in leaves grown under long-172 day conditions, regardless of whether sucrose was added to the medium 173 ( Figures 1A and 1C ). Similar StVPE1-GFP localization was observed in plants 174 grown under dark conditions with the addition of sucrose ( Figure 1B ). 175 Surprisingly, combining dark conditions with carbon starvation changed the 176 fluorescence pattern of StVPE1 in the leaves markedly, with GFP labeling in 177 multiple puncta and occasionally, in bigger clusters ( Figure 1D ), suggesting 178 relocalization of VPE in the cell following carbon starvation. VPE is considered a PCD executor in plant systems in response to several 184 biotic and abiotic stresses (reviewed by Hatsugai et al., 2015; Vorster et al., 185 2019) . Phylogenetic analysis has shown that StVPE1, classified as a 186 vegetative-type VPE, has high sequence similarity and conserved regions with 187 tobacco NtVPE-1a, NtVPE-1b, NtVPE-2 and NtVPE-3 (Teper-Bamnolker et 188 al., 2017; Supplementary data 1A) . To study its role in PCD induction, RNAi-expressing BY-2 lines were produced, and their PCD response was 190 compared to that in wild-type (WT) cells. Alignment of VPE cDNA from potato 191 and tobacco showed a 500-bp sequence of StVPE1 cDNA that was 83-90% 192 similar to tobacco NtVPE-1a, [67] [68] [69] [70] [71] [72] similar to the tobacco VPEs NtPB1, NtPB2 and NtPB3 which were ligated in 194 tandem in opposite directions to produce VPE-RNAi lines of BY-2 cells 195 (Supplemental Data Set 1B).
196
WT and VPE-RNAi BY-2 cells were moved to a sucrose-free medium, 197 and VPE activity was examined. After 2.5 or 8 h without sucrose, VPE activity 198 was 11-and 21-fold higher, respectively, than that in the sucrose-containing 199 culture (Figure 2A ). When VPE-RNAi cells were grown under the same 200 conditions, VPE activity was nearly undetectable after 2.5 h of exposure and 201 only 10-fold higher than in the sucrose-containing culture after 8 h ( Figure 2A ). 202
To determine whether VPE activity induces PCD in carbon-starved BY-2 cells, 203 Twenty-four hours after the initiation of carbon starvation, only WT cells 206 showed TUNEL-positive labeling, whereas no labeling was observed in the 207 VPE-RNAi cells ( Figure 2B ). Staining of carbon-starved BY-2 cells with Evans 208 blue showed 50% less cell death in the VPE-RNAi line ( Figure 2C ).The results 209 suggested that VPE activity is involved in inducing PCD in BY-2 cells in 210 response to carbon starvation. The population of BY-2 cells tended to lose their viability gradually over time of 216 exposure to carbon starvation ( Figure 3A) . To look at the correlation between 217 cell death and VPE, we analyzed VPE expression and activity during the 218 course of carbon starvation ( Figures 3B and 3C ). Transcription analysis of WT 219 BY-2 cells showed that VPE expression is upregulated during the first 24 h of 220 carbon starvation, and then its level stabilizes to 96 h of carbon starvation 221 ( Figure 3B ). VPE activity was upregulated during the first 48 h followed by 222 downregulation when incubation was extended to 72-96 h ( Figure 3C) , 223 suggesting a possible post-transcriptional regulatory mechanism of VPE 224 activity. However, progressive cell death continued. To study the mechanism of VPE activation under carbon starvation, StVPE1-229 GFP was stably expressed in BY-2 cells. It showed a reticular pattern under 230 standard growth conditions and colocalized with an endoplasmic reticulum 231 (ER) marker (ER-Rb; 35s::mCherry-HDEL) (Nelson et al., 2007) , as expected 232 for immature VPE (Fig. 4A ; Kuroyanagi et al., 2002) . However, following 24-48 233 h of carbon starvation, StVPE1-GFP was no longer observed on the ER, but 234 had relocalized to punctate structures with a diameter of 0.2 to 0.48 µm (Figure 235 4B and Supplemental Figure 1C ). Under these conditions, the ER remained 236 intact, suggesting that the cell is still viable (Supplemental Figure 1 ). As VPE 237 needs to be mobilized from the ER to the vacuole to exert its proteolytic pro-238 PCD activity, the vesicles containing VPE-labeled puncta are likely to be its 239 means of transport. Coexpression of StVPE1-GFP and a tonoplast-red 240 fluorescent protein (RFP) marker (Nelson et al., 2007) in the transgenic BY-2 241 cell line suggested that the visualized StVPE1-containing puncta are found in 242 the cytoplasm ( Figure 4B ).
243
To shed more light on the StVPE1-GFP-labeled vesicle type, we used a 244
Golgi-RFP marker (GmMan1-RFP; Nelson et al., 2007) . No colocalization was 245 detected between StVPE1-GFP puncta and the Golgi-RFP marker following 48 246 h of carbon starvation ( Figure 5 ). These results suggested that the transport of 247 StVPE1 does not involve the Golgi apparatus upon carbon starvation. To determine whether the StVPE1-GFP puncta eventually translocate to the 252 vacuole, a BY-2 cell line stably expressing StVPE1-GFP and a tonoplast-RFP 253 marker was exposed to carbon starvation. Formation of vesicles containing 254 StVPE1-GFP-labeled bodies attached to the tonoplast was observed after 72 h 255 of starvation ( Figure 6A The core autophagy protein ATG4 is a cysteine protease that cleaves the C-308 terminal part of ATG8 to expose a C-terminal glycine residue, which is then 309 modified by phosphatidylethanolamine for membrane insertion; it is therefore 310 essential for autophagosome formation ( 8A). Interestingly, VPE activity was reduced in parallel to the reduction in 317 ATG4 expression ( Figure 8B ). Staining of carbon-starved BY-2 cells with 318
Evans blue showed a reduction in cell death in the ATG4-RNAi line under 319 carbon starvation ( Figure 8C ), giving rise to higher tolerance to carbon 320 starvation. Our results suggested that VPE-induced cell death is dependent on 321 the activity of the autophagy pathway. Understanding the response to sugar starvation and the adaptive mechanisms 334 is fundamental. We performed our study in a suspension culture of tobacco 335 BY-2 cells, instead of using a whole potato plant, since the cultured cells offer 336 several advantages for autophagic studies, including their accessibility to 337 inhibitors and small fluorescent molecules and the ability to induce autophagy 338 by sucrose starvation (Takatsuka et al., 2004) .
339
The VPE-dependent PCD pathway has been shown to be involved not only in 340 immune responses, but also in responses to a variety of stress inducers 341 (reviewed by Hatsugai et al., 2015) . We have previously shown the , 2002; Hara-Nishimura et al., 2005; Hatsugai et al., 2015) . This implies that 367 the VPE precursor is transported to the vacuole where it is converted into its 368 active mature form (Kinoshita et al., 1999) . However, the transport mechanism 369 is not known. Here we followed StVPE1 relocalization from the ER to cytosolic 370 vesicles and then to the vacuole under carbon starvation (Figures 4 and 6) . 371 VPE transport to the vacuole did not involve the Golgi (Figure 5 followed by VPE activation associated with BY-2 cell death (Figure 3) . In 470 agreement with this, silencing of VPE and ATG4 in BY-2 cells decreased VPE 471 activity and cell death (Figures 2 and 8) . VPEs are cysteine proteases that 472 activate protein precursors functioning in the vacuole (Hatsugai et al., 2006). 473 VPEs are involved in cell death through destruction of the vacuolar membrane 474 and the release of hydrolytic enzymes to the cytoplasm (Hatsugai et al., 2006; 475 Hara-Nishimura and Hatsugai, 2011). Autophagy has been mainly described 476 as a process that promotes cell survival; here, it is suggested that it can also 477 promote PCD under carbon starvation. Dissecting the relationship between 478 autophagy and PCD is complicated by the fact that the vacuole and its 479 hydrolytic enzymes are needed for the pro-survival homeostasis that maintains 480 autophagy-mediated recycling of biological macromolecules, as well as for 481 vacuolar PCD processes (Müntz, 2007) . Much remains to be learned about the 482 relationships between autophagy and VPE translocation and activity. Clearly, a 483 mechanistic understanding of VPE activity and its substrates in the vacuole, 484 and its effect on cell viability, is critical to being able to link VPE activity to 485 autophagy. Skoog (LS) medium, as previously reported (Nagata et al., 1992) . A sucrose-502 free culture medium was prepared by omitting sucrose from the culture 503 medium. The pH of these culture media was adjusted to 5.8 with 1 M KOH. Five-day-old BY-2 cells were collected by gravity flow and the pellet was 508 resuspended in 30 mL sucrose-free LS medium. After three additional washing 509 steps with 30 mL sucrose-free LS medium, the cells were resuspended in the 510 same volume of fresh medium and kept at 26 o C with rotation at 130 rpm. BY-2 511 cell viability was determined by incubation for 15 min with 0.012% (w/v) Evans 512 blue dissolved in water. Unbound dye was removed by extensive washing with 513 sucrose-free culture medium and percentage cell death was determined using 514 ImageJ digital imaging software (Abràmoff et al., 2004) . To visualize nuclei in BY-2 cells, samples were stained with 4',6-524 diamidino-2-phenylindole (DAPI; Sigma) at 1 μg mL -1 in PBS buffer for 10 min. 525 DAPI-and TUNEL-positive staining were observed with an IX81/FV500 526 confocal laser-scanning microscope (Olympus) equipped with a 488-nm argon 527 ion laser and a 405-nm diode laser. DAPI was excited with the 405-nm diode 528 laser, and the emission was filtered with a BA 430-to 460-nm filter. TUNEL 529 was excited with 488 nm of light, and the emission was filtered with a BA505IF 530 filter. The transmitted light images were obtained using Nomarski differential 531 interference contrast, and three-dimensional images were obtained using the 532 FluoView 500 software supplied with the confocal laser-scanning microscope. Transformation of tobacco cell-suspension cultures was performed as 570 previously reported (Frydman et al., 2004) . Briefly, a 4-mL aliquot of a 6-day-571 old exponentially growing suspension of BY-2 cells was transferred to a 250-572 mL Erlenmeyer flask and incubated for 30 min at 25 o C with 40 mL of an 573 overnight culture of Agrobacterium tumefaciens EHA105 harboring the binary 574 plasmid, and containing 500 μM acetosyringone and 10 mM MgSO 4 . After 2 575 days of cocultivation, the cells were washed with modified liquid LS containing 576 250 μg mL -1 claforan, 50 μg mL -1 kanamycin, 15 μg mL -1 hygromycin and 2 μg 577 mL -1 Basta herbicide. After 2 weeks, the kanamycin-resistant calli were 578 collected and transferred to solid medium containing 250 μg mL -1 claforan and 579 50 μg mL -1 kanamycin. Four weeks later, the selected transformants were 580 transferred to a modified liquid LS medium containing the appropriate 581 antibiotic. Samples were vortexed, and incubated for 10 min at room temperature, then 593 centrifuged at 12,000 g for 20 min at 4 o C. The upper phase was collected and 594 the above steps were repeated. RNA was precipitated for 2.5 h at -20 o C by the 595 addition of LiCl at a final concentration of 3 M. Following centrifugation at 596 12,000 g and 4 o C for 20 min, the pellet was washed twice with 1.5 mL of 70% 597 ethanol, centrifuged for 10 min, and air-dried at room temperature. Finally, the 598 pellet was resuspended in 50 µL ultrapure water. NtVPE3, NtVPE1a, NtVPE1b (VPE vegetative type), the primers were: F 5'-618 For ATG4, the primers were: F 5'-CACAGTCAGCCGCATGACC-3' and 620 R 5'-GACCATATGTCTTCCCGGCTTG-3'. For Actin9, used as the 621 housekeeping gene, primers were: F 5'-CTATTCTCCGCTTTGGACTTGGCA-622 3' and R 5'-AGGACCTCAGGACAACGGAAACG-'3 (GenBank accession no. 623 X69885), as previously described (Kariya et al., 2018) . Quantitative real-time 624
GGGTACCGATCCTGCAAATG
RT-PCR was performed in a total volume of 10 µL including 5 µL fast SYBR TM 625
Green Master Mix (Applied Biosystems Potato leaves (cv. Désirée) were used for Agrobacterium-mediated leaf-disc 634 infection as described previously (Horsch et al., 1985; Rocha-Sosa et al., 635 1989) . Transgenic plants were selected on 25 mg L -1 kanamycin (Duchefa). 636
For transgenic plant validation, DNA extraction from potato leaves and PCR 637
were performed as described previously (Teper-Bamnolker et al., 2012) using 638 primers VPE-F 5'-TGGTCAAAGAGAGAACTGCCAG-3' and GFP-R 5'-639
GATGTTGTGGCGGATCTT-3', amplifying a PCR fragment of 908 bp. (A) VPE activity in VPE-RNAi-transgenic BY-2 cells was compared to that in WT cells in the presence (+) or absence (-) of sucrose. Ac-ESEN-MCA was used as the VPE-specific substrate. Different letters represent significant differences between genotypes at different time points (P < 0.005) analyzed by ANOVA followed by Tukey-Kramer HSD test. (B) Cells subjected to 24 h of carbon starvation were counterstained in situ with DAPI to label nuclei (blue), followed by TUNEL reagents to detect DNA fragmentation (green). Corresponding phase contrast (PhC) images of the cells are also shown. Bars = 100 μm. (C) Quantification of non-viable cells. Five-day-old tobacco BY-2 WT and StVPE1-RNAi cells were subjected to 24 h of carbon starvation and stained with Evans blue. The percentage of dead cells was calculated using ImageJ software. Asterisk represents significant difference at P < 0.05 analyzed by ttest.
Data are mean ± SE of three repeats, each with 100 cells. Different letters and asterisk represent significant differences (P < 0.05) by ANOVA followed by Tukey-Kramer HSD and t-test, respectively. Data are mean ± SE of three repeats, each with 100 cells.
